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DBJIGOFCIRCULARCYIJXOERSFORA WIDERANGE --

OFREYNOLDSNUM6ERSANDMACHNUMBERS

By ForrestE. GowenandEdwin-dW. Perkins

suMMARY . .

Pressuredistributionsaroundcircularcylindersplacedperpendicular
tothestreamforsubsonicandsupersonicflowconditionshavebeen
obtained.Dragcoefficientscalculatedfromthesewind-tunneltestsand

—

fromtransonicfree-flighttestssxepresented.
m
DragdataarepresentedfortheMachnumberrangeof0.3to 2.9.

TheReyuoldsnumbersforthesubsonicsmdsupersonicMachnumberswere
withinthersngesofapproximate3.y50,000to160,COOandl.oojWO
to1,000,000,respectively.No effectsofReynoldsnumberwerefoundfdr
flowinthesupersonicMachnumberrangeof thetests.Thedragcoef-
ficientincreasedwtthincreasingMachnumberto a max3mumofapproxi-
mately2.1at a Machnumberofunity.InthesupersonicMachnumber
rage, thedragcoefficientdecreasedwithincreasingMschnumberto a
valueofabout1.34ata Machnumberof2.9.
tigationshavebeenincludedforcomparison.

were
Theeffectsoffineness-ratioondragat
alsoinvestigatedandfoundtobe small.

Dragdatafrm otherinves-

,supersoqicMachnumbers --

INTRODUCTION

Recentdevelmmentsinthestudyofforces=“dmcmentson
iriclinedbodiesof-revolutionhaveledto a renewedinteresth the
dragcharacteristicsof circularcylinders.R. T. Jones(reference1)
hasshowntheoreticallythattheflowperpendicu@rto an inclined,
infinitelylongcirculsr”cylinderwitha l.sminarboundarylayermaybe
consideredindependentoftheaxialflow. Ina recentpaperby
H. J.AJlen(reference2) the10CSJ.normalforceonan inclinedbodyof
revolutionwasrelatedto thedragofa circularcylinderata Mach
numbersadReynoldsnumberbasedontheco~onentof flowperpendic~= ‘ . .

~DENTt3iJ/——
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thebody. Thecalculationofaerodynamic
characteristicsofinclinedbodiesof revolutionby thismethoddepends
upona knowledgeofthgdragcharacteristics.ofcirculsrcylinders
overa widerangeofReynoldsnumbersandMachnumbers.A surveyof
thedataavailableonthedragof circularcylindersindicatesthat
mostofthedataarerestrictedtoMachntiberslessthanabout0.5.
At theselowMachnumbers,manyinvestigatorshaveobtainedcircular-
cylinderdragcoefficientsfora considerablerangeofReynoldsnumbers=
(See,forexample,references3 through10,inclusive.) Theresults
frommostoftheseandfromotherinvestigationshavebeenconveniently
summarizedinreference11. ForMachnumbersabove0.5,thereare
littleavailabledataandwithinthesedatathereisconsiderable
scatter.

Thepurposesofthepresentinvestigationwereto extendtherange
of availabledataoncircularcylindersto aMachnumberofabout3.0 –
andto investigatetheeffectsofReynoldsnumberoncircular-cylinder
dragforsupersonicMachnumbers.

.

SYMBOLS

CD

d

M.

P

P

Po

%

R

e

1

dragcoefficient
( )
dragperunitlength

%d

diameterofcylinder,inches

free-stresmMachnumber

()
P-P(J

pressurecoefficient—
%

localstaticpressureoncylinder,poundspersquareinch

free-stresmstaticpressure,poundspersquareinch
—-.

free-streamdynamicpressure,poundspersquareinch

Reynoldsnumberbasedon free-streamconditionsandcylinder
diameter

.“..=-----““..

circumferentialanglemeasuredfromtheupstreamstagnationpoint

ratioof
length

thedragcoefficientofa circularcylinderof finite
-.

to thatofa circularcylinderof infinitelength
..

..—
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APPARATUSAND‘rEsTs .

3

TheinvestigationathighsubsonicMachnumberswasperformedin
theAmes1- by 3-1/2-foothigh-speedwindtunnel,whichisa
single-returnclosed-throattunnelventedtotheatmosphereinthe
settlingchamber.Thetwocylinderstestedweremounteddirectlyin
thewindowglassas showninpart(a)of figure1. Twodiametrically
opposedorificeswerelocatedineachmodelat thetunnelcenterline.
CircumferentialpressuredistributionsfortheMachnumbersand
Reynoldsnumbersshowninfigure2 werethenobtainedby rotatingthe
wholewindowassemblythrougham angleof90°.

Theexperimentaldatapresentedforthetransonicspeedrangewere
obtainedfrcma currentinvestigationperformedby theLangleyPilotless
AircraftResearchDivision,sndthedetailsof thisinvestigationare
giveninreference12.

ThesupersonictestswereconductedintheAmes1-by 3-foot
supersonicwindtunnelsNos.1 and2. Thenozzlesof thesetunnelssre
similarandbothareequippedwithflexibletopandbottomPlates.
TunnelNo.1 isa single-return,continuous-operation,variable-pressure
windtunnelwitha maximumMachnumberof 2.2. TunnelNo.2 isan
intermittent-operation,nonreturn,variable-pressurewindtunnelwith
a maximumMachnumberof 3.8. Themodelinstallationshownin
figurel(b)wasusedinbothtunnels.Circumferentialpressure
distributionswereobtainedatninelongitudinalstationsonthemodel.

To investigatetheendeffectson thecircularcylinder,tests
wereperformedwithandwithouttheendplateshowninfi~e l(b)for
theMachnumbersandReynoldsnumbersgiveninthefollowingtable.
Dataweretakenat onlyoneReynoldsnumberfora Machnumberof 2.9.

.

Machnumber

l.kg

1.98

2.9

Reynoldsnumber
(millions)
0.16
.38
.x
.13
.26
.42
.54
.74
1.30
.72

-.

.

.,

.. L._
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.
RESULTSANDDISCUSSION

.—
. GeneralCh=acteristicsofFlow

Abouta CircularCylinder

,:,=
. .—

.

SubsonicMachnumbers.-CharacteristicsoftheflowaroundOcircular
cylinders”atspeedsbelowthecriticalMachnumber(~ < 0.4 me we~

iknownandhavebeendiscussedinconsiderabledetailbyGoldseinin
reference11. In general, for“Reynoldsriumbersbelowthecritical
Reynolds,numberrange,~ theflowischaracterizedby a laminar
boundarylayeronthecylinderaccompaniedbya periodicdischargeof
vorticesinthewake. As theReynoldsnumberisincreasedthroughthe
criticalrange,theboundary-layerflowon thecylinderbecomes
turbulent,theseparationpetitmovesdownstream,andthepressure
recoveryintheseperated-flowregionincreases.Fortheselatter
conditionsthereisapparentlynoperiodicdischsxgeofvorticesfrom
fhecylinderalthoughmeasurementsofthewakefluctuationshave .
indicatedsomepredominatefrequencies.(page421ofreferenceil.)
At velocitiesabovethecrfticalMachnuinbercompressionwavesform
onthecylinder.Thisshockformation,whichoccursaltetiatelyfirst
on onesideofthecylinderandthenontheother,isaccompaniedbya
forwardmovementoftheboundsry-layersepa?%tionpointandviolent
oscillationsofthewake.(Seefig.3.) Theseoscillationsmaybe
periodicalthoughthishasnotbeenconfimnedsincenomeasurementsin
thewakeat supercrtticalMachnumbersareavailable.Schlieren
picturestg.kenduringthepresentinvestigationandthedataof
reference13 indicatethatforcertaintestconditionsa -iodic dis-
chargeofvorticesoccurs.However,eventhougha numberof schlieren
picturestakenat onetunnelsetting(i.e.,oneMachnumberad
Reynoldsnumber)intheAmes1- by 3-1/2-footwindtunnelindicateda
periodicflow.inthewake,othersforapparentlythessmetestconditions
indicatedcompletelyturbulentwakeflow.

.-

-.
.—

.

. . .

—

Inthe:supercriticslMachnumberrangeno effectofReynolds
nuhberontheflowaboutthemodelswasfoundforthelimitedReynolds
numberrangeofthe‘yresentinvestigation.

SupersonicMachnumbers.-At supersonicspeeds,forthecylinder
testedintheAmes1- by 3-footsupersonicwindtunnels,no significant
changesintheflowfieldoccurredwithIncreasingMachnumberor
Reynoldsnumber.A typicalshadowgraphpictureofthesupersonicflaw

a
lTherangeofReynoldsnumbersthroughwhichthe&ag coefficient
decreasesfrom1.2to about 0.3isusuallydefinedasthecritical
Reynoldsnumberrange. .- ,..7

.

ymFlmNTIAIJ?_—.-—--————”_. _— . . .. —..-- *-
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fieldaboutthetestcylinderisshowninfigure4. Thestreaksthat
appearontheboundary-layerplateaheadof thebowshockwaveareoil
streaksleftby a minuteamountofoilontheplate.Thedetachedbow
waveshowsa doubleshadowontheboundary-layerplate.Itwasfound
thatthesecondshadowresultedfromtheintersectionof thebowshock
wavewiththetunnel-wallboundarylayerat thewindownearthefree
endofthecylinder.Thebowwavecurvedaroundthefreeendofthe

—

cylindersothattheintersectionwiththetunnel-wallboundarylayerwas
displacedslightlydownstreamfromthepositionofthewaveaheadofthe
cylinder. !rhispictureandthosetakenforMa& numbersof1298and2.9”
indicateda smalldisturbanceintheflowwhichappearsto originate
at6= 1000to120°. Theoriginofthisdisturbanceappearsto coin-
cidewiththelineofboundary-layersep&ation.
wake-betweenthecylinderandthetrailingshock
numberof1.49,istypicalforallthetestMach
ingMachnumberthewidthoftheminimumsection

.

PressureDistribution

Thesharplyconverging
wave,shownf~ a Mach
numbers.Withincreas-
of thewakedecreased.

SubsonicMachnumbers.-Typicalpressuredistributionsfor
subsonicMachnumbersarepresentedinfigures5(a) and5(b).2At
Machnumberslessthanthecritical,theexperimentalpressuredistri-
butionsareinfairagreementwiththetheoryovermostoftheupstresm
halfofthecylinder.Overtheremainderofthecylinderthereis
considerabledivergencebetweenexpertientalandtheoreticalpressure ___
distributionswiththeexperimentalcurvesshowingthetypicallarge
regionof sepsratedflowoverthedownstreamhalfofthecylinder.
TheeffectsofReynoldsnumberareshownby thecurvesforReynolds
numbersof314,000and426YO00.Thesecurvesaretypicalof the
distributionsofpressurecoefficientforReynoldsnumbersbelowand ‘“-
abovethecriticalrangeofReynoldsnumbers,andindicatetheincrease
inpressurerecoveryintieseparated-flowregionwhichoccursas the
criticalReynoldsnumberisexceeded.

At subsonicMachnwnbersabovethecriticalMachnumber(fig.5(b)),
theeffectsof compressibilityareevidencedintheincreaseof the
pressure,coefficientsonthewindwardsideof thecylinderwith
increasingMachnumber.Thepressuresoverthedownstreamsurfaceof
thecylinderare,ingeneral,lessth~ those.measuredat subcritical
Machnumbers.Theadversepressuregradient,whichisusually

.

. %Phedataof figure5(a)wereobtainedfromunpublishedresultsof
recenttestsmadeintheAmes7- by 10-foottindtunnel.

.- ____ _._-.--===%’\ . _
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associatedwithboundary-layerseparation,,isevidentinthedatafor ..
Machnumbersof0.3,0.5,and”O.6. Thepressure~stributionfora
Machnumberof0.7,whichis similartothoseobtainedintherangeof
Machnumbersabove0.625,showslittle,if~-y,adversepressure
gradient.Sincetheflowinthewakeofthecylinderat subsonicMach
numbersabovethecriticalwasofanoscillatorycharacter(seefig.3),
itwouldbeekpectedthatthepressuresintheregionof separation .
andovertheaftp’artofthecylinderwouldnotbe steady;hence,the
pressuresrecordedbythemanometersysteminthisregionwouldbeonly
theaveragestaticpressures.TheeffectsofReynoldsnumberonthe
pressuredistributionwerefoundtobenegligibleat”Machnumbersabove-
thecriticalforthelimitedReynoldsnumbersofthisinvestigation.

.

.-

. .

—

.

SupersonicMachnumbers.-!l?ypicalpress~edistributionsabouta
circularcylinderat supertioni.cMach.numbersSireshowninfigures5(c)
and5(d).ThedistributionsforallthreesupersonicMachmmibersare
somewhatsimilartothepressuredistributionsat subsonicsupercritical
Machnumbers.However,thevariationwithMachnumberisdifferentin
thatthereisa generalincreaseinpressurecoefficientovertheentire
bodywithincreasingMachnumber(fig.~(c)).ForthesupersonicMach
numbersinvestigated,theseparationpointwaslocatedinthe100°to120°
regionandthepressureson the”cylJ_nderintheseparated-flow“region
weremoreuniformthanforsubsonicflow.Alfi”oughtheshadowgraphof ~
figure4 indicatedasmalldisturbanceintheext~nalflowfieldnear
thepositionof separationandtheflowinthisvicinityappearedtobe
steady,detailedpressure”disttibutionsfailedtorevealtheexpected
pressurerise(orlocaladversepressuregradient)at thepositionof
thedisturbance.As showninfigure5(c), thepressuresinthe
separated-flowregionapproacha vacuumastheMch nher isincreased....
Thepressurecoefficientattheforwardstagnationpoint(G= O)was,
forallsupersonicMachnumbers,in closeagr~ementlziththepitot-
pressurecoefficientcalculatedwiththeaidofRayleigh*sequation.

—

—

—

.-
,

—

.

--

-—

Thepressuredistributionsoffigure5(d)aretypicalofthedata .-
forMachnumbersof 1.49 and1.98.Thesedatashowthatforthe
Reyrioldsnumberrangeofthisinvestigation,whichincludedthecritical - ~

—

Reynoldsnumberrangeforsubsonicflow,thereisno effectofReynolds ‘ :
numberonthepressuredistributionat supersonicMachnumbers.

Figure5(e)showsexperimentaldistributionsofpressure
coefficientforvariousMachnumbers.Includedinthefigurearethe
theoretical’distributionsforthelimitingcasesofMachnumbersnesr
zero(incompressiblepotentialtheory)sada Machnumberof infinity
(Newtoniantheory,reference14). Overmostofthecylinderthepres-
surescalculatedfromthetheoryforinfiniteMachnumberwerehigher
thsmthosemeasuredforthehighestMachnumberofthepresentinvesti-
gation.Nevertheless,theexperimentaldistributionofpressure

.

.-
.—

—.,-
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coefficientapproachedthetheoreticaldistributionastheMachnumber
wasincreased.Thetheoreticalcurveshowndoesnottaketitocon-
siderationtheeffectsof centrifugalforceswhichwouldbe expected
toresultina reductionofthelocalpressurecoefficienton the
cylinderatpointsotherthantheforwardstagnationpoint.An
approximatemethodfortheestimationofthecentrifugalforceeffects
hasbeensuggestedinreference14. However,pressurecoefficients
calculatedby thismethodweremuchlowerthantheexperimentalvalues
fora Machnumber
figure5(e).

of2.9andthereforehavenotbeenincludedin

Drag

Reynoldsnumbedeffects.-Thev=iationofdragcoefficientwith _ .-.
increasingReynoldsnumberis showninfigure6. Oneofthemost
significantchangesinthedragcoefficientoccursatMachnuzibersless
than0.4wheretheboundary-layerflowonthecylinderchangesfrom
laminartoturbulent(previouslydiscussed)as theReynoldsnumberis
increasedinthecritical.Reynolds‘numberrange.Thischangeinflow
isaccompaniedby a decreaseindragcoefficientfromabout1.2to
about0.3. TherangeofReynoldsnumbersdesignatedasthecritical

. rangeandthevalueofdragcoefficientabovethisReynoldsnumber
rangehavebeenfoundtobe influencedby suchfactorsas surface
roughnessandstreamturbulence(reference5). TheUnits of thecriti-

. calrangeofReynoldsnumbersobtainedby a numberof investigators
tieabout200,000to about~,000 (fig.6). Theresultsoftestsat
supersonicMachnumbersof1.49and1.98indicatethatalthoughthe
Reynoldsnumberrangeofthesetestsincludedthesubsoniccritical
Reynoldsnumberrange,anyeffectsofReynoldsnumberweresmall.
Thisresultmighthavebeenanticipatedfroma considerationofthe
effectsofReynoldsnumberonthepressuredistributionandresulting
dragat subsonicspeeds.In subsonicflow,inthesubcriticalReynolds
numberrange,thesuctionpressuresactingonthedownstreamsurface
ofthecylindercontributea largepartofthetotalcl&g. Theprinci--
paleffectof increasingtheReynoldsnumberthroughthecriticalrange
isa sizableincreaseinthepressurerecoveryonthedownstreamside
of thecylinderwitha resultinglargedecreaseindrag. (See,for
exsmple,fig.5(a)andpp.422end424 ofreferenceXl.) In supersonic

—.

flow,thepercentageofthetotaldragdueto @e suctionpressuresin
theseparated-flowregionis smallanddecreaseswithincreasingMach
number,beingonly10percentata Machnumberof2.9.. (Evenif a full
vacuumweredevelopedovertheresrhalfofthecylinder,’theresulting
dragcontributionwouldbe only20percentof thetotal.)Hence,if

. therewereanyeffectsofReynoldsnumberonthetotaldragcoefficient
at supersonicMachnumbers,themagnitudeoftheeffectswduldbe
expectedto be smallsndtodecreasewithincreasingMachnumber.
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MachnumbereYfects.-“Thedatapresentedinfigure7 showthe
variationofdragcoefficientwithMachn~ber fortheMachnumber
rangefrom0.1to2.9.AtMachnumbersbelow0.4,dragcoefficients
forReynoldsnumbersaboveandbelowthecriticalReynoldsnumberare
includedto indicatethattheReynoldsnumbereffectspredominatein “--
thisregion.Allofthe.dataavailableforMachnumberslessthan
about0.6showthe”rcharacteristicriseindragcoefficientwith
increasingMachnumberabovethecritical,ad thedrag-coefficient
variationiswelldefinedtithinthisrange.

ForMachnumbersintherangeofabout0.6to1.0,therearelittle””
availabledataandthescatterislarge.Thedatafromthe
1- by3-1~2-footwindtunnelshowanRbruptdecreasein.therateof
increaseofdragcoefficientwithMachnumberata Machnumberof0.65.
A similarvariationis shownbythe,flightresults(reference12)ad
thedataofKnowlerand~uden (reference13). Thesereferencesshow
a significantdecreaseindragcoefficientbetieenMachnumbersof
0.65andO.8. Sinceno otherdataareavailableintheMachnumber
rangeofabout0.8to1.4,thefree-flightresults(referenceJ2)for
a fineness-ratio-60cylinderareincludedto indicatetrendseven
thougl.itappearsthatt%emagnitudesatMachnumberslessthanunity
arenotthesameaswouldbe obtainedfortwo--dimensionalflow.

Thedataoffigure’7indicatethat,fortheMachnumberrange ‘-
shown,themajoreffectofMachnumberonhag coefficientoccursin
therangeofMachmmbersfromabout0.4to1.4witha maximumdrag
coefficientofabout2.1nearsonicvelocity.AtMachnumbersgreater
than1.4thedrhgcoefficientdecreasesslowlywithincreaseinMach
number.At a Machnwber ofabout1.5thedragcoefficientsobtained
fromthepresentinvestigationaadreference“15are!ingood agreement.

ThedataofthepresentreportindicatethatforsupersonicMach
nmbersthedragcoefficientmayapproacha.constantvalueof theorder

.._

-.. *—
-..

.
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—
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--—
of1.3athighMachnumbers.Sinc~-theexper”irnentalpres-s’wedistr~but~on . _
ata Machnumber.of2.9apr”roachedthatfor‘infiniteMachnumber
(Newtoniantheory), thet~~oreticaldragcoefficientwascalculated’
fromNewtoniantheory.”Theresultingdragcoefficientof1.333agreed --‘-”-:;
withtheexperimentalbag coefficientata Machnwber O?2.90 ~fs ‘ ~
agreementmaybe consideredfortuitoutisincethepressuredistribution”‘
predictedbyNewtoniantheoryisnotcorrectatthisMachnumber.
However,itcanbe seen.fromthetrendsof.thepressure-distribution.. ...“~
curves(fig.5(e))andthedrag-coefficientcurve(fig.‘7)thatfor

—

Machn~bersoftheorderof3.0orgreaterthe
cylindersmaybepredictedwithinapproximately
theory.

dragof circular ●

5 percentbyNewtonian . ‘:

.

amTiFF-— —=!=———
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Effectsof finenessratioondrag.- Thecurveshownin figure8 for
lowsubsonicMachnumberswasobtainedfromdatainreferenceXl (p.439)
andshowsthevsriationof q, theratioof thedragof a circulsr
cylinderof finitelengthto thedragof a circulsrcylinderof infinite
length,as a functionof finenessratio.Thesedatawereobtainedfor
a verylowMachnumberandonlyoneReynoldsnumber(88,000).Some
indicationof theinfluenceofMachnumbersmdReynoldsnumberon the ●

fineness-ratioeffectis shownby thefree-flightresultspresentedin
figure9. Fromthesedataitappearsthatin thesubsonicspeedrange,
thefineness-ratioeffectis dependentonbothMachnumberandReynolds
number.Valuesof q baseduponthetwo-dimensionalvaluesof thedrag
coefficientsfromthe1- by 3-1/2-foottunnel
forfinenessratiosof 15,30,and60 andare
however,no consistenttrendwithMachnumber
dentfromthislimitedsmountofdata.

datahavebeencalculated
presentedinfigure8;
orReynoldsnumberis evi-

In thelowsupersonicspeedrangethefree-flightdataof fi~e 9
indicatethatthefineness-ratioeffectssrenegligible.Forsupersonic
Machnumbersof 1.49,1.98,and2.90;thevariationof q withfineness
ratiowasdeterminedfromthepressure-distributionresultsobtainedin
theAmes1- by 3-footsupersonicwindtunnels.forthemodelshownin

.-

figure1. Typicallongitudinaldistributionsof dragcoefficientsre
shownin figure10 fora Machnumberof1.98fortestswithandwithout
theendplate.DataforMachnumbersof1.49and2.90weresimilarand
arenotpresented.Thesedatashowthattheeffectsof theendplateand
boundary-layerplatewereto increasethelocaldragcoefficientabove.
thetwo-dimensionalvalueinregionsneartheendsofthemodel.The
dragcoefficientsovert~ centerportionof themodelwereunaffected
by theremovalof theendplateandwerethereforeconsideredto be the
valuesfortwo-dimensionalflow. Valuesof q

—
werecalculatedfrom

thedistribution.ofdragcoefficientfromthefreeendof thecylinder
forvariouslengthcylinders“andaxepresentedin figure8. Itcsmbe
seenfromthis
arenegligible
of aboutO.

figurethattheend-effectsforsupersonicMachnumbers
(q is approximately1.0)for.finenessratiosin excess

CONCLUSIONS

Dragcoefficientshavebeenobtainedfrompressure-distribution
measurementson circularcylindersathighsubsonicspeedsinthe. Ames1- by 3-1/2-footwindtumnelandforsupersonicMachnumbersof
1.49, 1,98, and2.9 intheAmes1- by 3-footsupersonicwindtunnel.
DataforsupersonicMachnumberswereobtainedfora rangeofReynolds.
numberswhichincludedthesubsoniccriticalReynoldsnumberrange.
Theresultsof thesetestsleadto thefo~owingconclusions:

~-.—__ IDENTIAI?
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1. EffectsofReynoldsnumberon dragcoefficientandpressure
distributionarenegligibleat supersonicspeeds.

2. ThemajoreffectsofMachnumberon-thedragcoefficientof
circularcylindersareconfinedto a rangeofMachnumbersfrom0.4
to 1.4. Above1.4thedragcoefficientdecreasesslowlywithincreasing
.Machnumberandmaybe approximatedbyNewtoniantheoryforMachnumbers
of theorderof 3 or greater. ..

3* Theeffectsof finenessratioonthe-dragcoefficientappear
tobe negligibleforfinenessratiosin excessofapproximately6 at
supersonicMachnumbers.

AmesAeronauticalLaboratory
.

NationalAdvisoryCommitteeforAeronautics
MoffettField,Calif.
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